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TECHNICAL FIELD 

This invention relates generally to electronic valve actuators, and more particularly to 
5 electronic valve actuators having displacement amplifiers. 

BACKGROUND 

As is known in the art, one common approach to electronically control the valve 
actuation of an internal combustion engine is to have two electromagnets toggle an armature 

10 connected to the valve between an open position and a closed position. More particularly, 
referring to FIG. 1, when a first, here upper, one of the electromagnets is activated, the 
armature is attracted to the activated electromagnet thereby driving the valve to move to its 
closed position. Also, as the armature is attracted to the activated electromagnet, a first 
spring, in contact with the upper end of the armature is compressed. When the first 

15 electromagnet is deactivated, the first compressed, spring releases its stored energy and 
drives the armature downward thereby driving the valve towards it open position. As the 
armature approaches the second, lower, electromagnet, the second electromagnet is activated 
driving the valve to its full open position. It is noted that a second, lower spring becomes 
compressed during the process. After becoming fully open, the second electromagnet is 

20 deactivated, and the lower spring releases its stored energy to thereby drive the armature 

towards its upper position, the first electromagnet is activated and the process repeats. Thus, 
the two electromagnets toggle the armature connected to the valve between an open or closed 
position where it is held, while the pair of springs is used to force the valve to move 
(oscillate) to the other state (FIG. 1). 

25 One problem with the approach described above is that, in the presence of high 

fiiction or gas force loads on the valve, the magnets must generate force over a significant 

fi-action of the valve stroke. At points of travel where the gap (i.e., the "air gap") between the 

activated magnet and the portion of the armature experiencing the magnetic force produced 

by the activated electromagnet (i.e., the attractive magnetic force) is large, high current is 
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required to achieve the required attractive forces. This increases power consumption. The 
peak force that can be practically generated is reduced as the air gap increases thereby 
effectively reducing the authority to control the valve motion. 

As noted from FIG. 1, with the exception of a small lash gap 5 between the armature 
5 and valve stem at the closed position, there is a one-to-one relationship between the distance, 
Z, traveled by the armature and the distance traveled by the valve. Thus, from a neutral 
position Z=0 shown the middle portion of FIG. 1, to the ftiUy closed position, shown in the 
left portion of FIG. 1, the armature moves a distance, Z = - L/2. Likewise, from the neutral 
position shown the middle portion of FIG. 1, to the fully closed position, shown in the right 

10 portion of FIG. 1, the armature moves a distance, Z = + L/2. Thus, the armature moves a 
distance of L and the valve moves a distance L - 6 during each open-close cycle. 

An alternative to this direct acting linear (i.e., one-to-one) oscillator, is shown in FIG. 
2. Here, the actuator uses a mechanical lever to amphfy the travel distance of the armature 
and thereby reduce the effective air gap. For example, with the magnets disposed about half 

15 way along the lever arm, such portion of the lever arm need only be displaced a distance L/2 
in order to achieve a valve displacement of L - 5 during an open-closed valve cycle. As a 
result of the reduced gap, the lever system does improve the control authority through the 
stroke and improves the power consumption relative to conventional linear oscillators. 
However, as is also known in the art, existing designs have limited peak engine 

20 operating speed due to limited valve transition times (i.e., time from fiiUy open to fiiUy 

closed or vice-versa). For good durability and low noise, existing designs require complex 
feedback control algorithms to achieve low impact velocities during valve seating, armature 
seating, and lash take-up. Control schemes to date use high-speed (approximately 10-50 kHz 
control loop frequencies) computing power, and high-resolution position and current sensors 

25 for each valve. The algorithms are highly complex, and will likely require adaptive or 

iterative learning control schemes to both reduce calibration effort and to compensate for 
changes in actuator and valve characteristics over the life of the engine. To date, the poor 
robustness and high cost of such schemes make implementation impractical. The systems 
shown in FIG. 1 and FIG. 2 do not address issues of passive lash management or passive 

30 damping and have limited packaging flexibihty and ability to optimize the design. 
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SUMMARY 

In accordance with the present invention, an electronic valve actuator is provided 
having an electromagnet and an armature disposed adjacent to the electromagnetic. The 
actuator includes a fluid-containing chamber having: a first piston providing a first wall 
5 portion of the chamber; and a second piston providing a second wall portion of the chamber. 
The first wall portion has a greater surface area than the surface area of the second wall 
portion. The first piston is coupled to the armature and the second piston is coupled to a 
valve. 

With such an arrangement, displacement of one of the pair of pistons is amplified in 
10 the chamber by the ratio of the surface areas of the pistons thereby reducing the air gap 
compared with a direct drive system. 

In one embodiment, a pair of electromagnets is provided. The armature is disposed in 
a magnetic field produced by the pair of electromagnets. A pair of springs is included. A 
first one of the pair of springs is disposed to compress upon activation of a first one of the 
15 pair of electromagnets while a second one of such pair of springs is disposed to expand upon 
such activation of the first one of the pair of electromagnets. The first one of the springs is 
held in compression until deactivation of the first one of the electromagnets. The second one 
of the pair of springs is disposed to compress after deactivation of the first one of the 
electromagnets and resulting expansion of the first one of the pair of springs while the first 
20 one of such pair of springs is disposed to thereby expand. The second one of the springs is 
held in compression until deactivation of the second one of the electromagnets. 

In one embodiment, a valve disposed in the wall of the fluid-containing chamber for 
enabling such chamber to receive fluid when volume of such chamber is increased by 
activation of one of electromagnets to move one of the pistons in a first direction and to 
25 inhibit removal of such fluid fi-om the chamber when volume of such chamber is decreased 
by activation of said one of the pistons in an opposite direction. 

In one embodiment, the valve enables the chamber to receive fluid when volimie of 
such chamber is increased by activation of one of electromagnets to move one of the pistons 
in a first direction and to inhibit removal of such fluid fi-om the chamber when volume of 
30 such chamber is decreased by activation of said one of the pistons in an opposite direction. 
With such an arrangement, lash take-up is provided. 
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In one embodiment, a second fluid-containing chamber is included to provide a 
conduit for fluid therein to pass between an outer surface portion of the first piston and an 
outer surface portion of the second piston as the first and second pistons move in response to 
activation of the first and second ones of the pair of electromagnets. 
5 With such an arrangement, passive damping is provided enabling a simple damping 

control system. 

In one embodiment, the fluid in the second chamber passes to the first-mentioned 
fluid-containing chamber through the valve. 

Thus, the inventors have recognized that use of a hydraulic lever to amplify the 
10 motion of a magnetic armature achieves a desired valve displacement, reduces the effective 
travel of the armature, reduces transition time and power consumption while incorporating 
passive hydraulic lash adjustment in the hydraulic lever mechanism. This thereby eliminates 
the need for complex feedback control to achieve low impact velocities during lash take-up. 
Further, incorporation of passive hydraulic damping in the hydraulic lever mechanism 
15 enables use of a robust low cost open loop armature and valve landing control or improves 
the robustness of a simplified closed loop control. 

The details of one or more embodiments of the invention are set forth in the accompa- 
nying drawings and the description below. Other features, objects, and advantages of the 
invention will be apparent firom the description and drawings, and from the claims. 

20 DESCRIPTION OF DRAWINGS 

FIG 1 is an electronic valve actuator according to the PRIOR ART; 
FIG 2 is another electronic valve actuator according to the PRIOR ART; 
FIG 3 is an electronic valve actuator according to the invention; 
FIG 3 A is an exploded portion of the electronic valve actuator of FIG 3, such portion 
25 being enclosed by the circle in FIG 3 labeled 3 A-3 A; 

FIGS. 4A - 4D show positions of elements in the electronic valve actuator of FIG 3 at 
various stages in the operation of such actuator; 

FIG 5 is set of curves showing the relationship between transmission ratio and 
transient time for various ratios of the mass of an armature (my) used in the actuator of FIG 3 
30 and the mass of a valve (my) used in the actuator of FIG 3 

Like reference symbols in the various drawings indicate like elements. 
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DETAILED DESCRIPTION 

Referring now to FIG. 3, an electronic valve actuator 10 is shown to include a pair of 
electromagnets 12, 14. An armature 16 is disposed in a magnetic field, not shown, produced 
by the pair of electromagnets 12, 14. The actuator 10 also includes a fluid-containing 
5 chamber 18, herein also referred to as inner cavity 18. The inner cavity 18 has a first piston 
20 providing a first wall portion of the inner cavity 18 and a second piston 22 providing a 
second wall portion of the inner cavity 18, as shown. The first wall portion provided by first 
piston 20 is greater in surface area (Al) than the surface area (A2) provided by the second 
wall portion provided by the second piston 22. The first piston 20 is coupled to the armature 

10 16, here integrally formed as a single piece with the armature 16, and the second piston 22 is 
coupled to a valve 26, here integrally formed as a single piece with the valve 26. The 
actuator 10 also includes a pair of springs 28, 30. A first one of the pair of springs 28, 30, 
here spring 28 a Belleville spring, is disposed to compress upon activation of a first one of 
the pair of electromagnets 12, 14, here upon activation of upper electromagnet 12, while a 

15 second one of such pair of springs 28, 30, here a coil spring 30, is disposed to expand upon 
activation of the upper electromagnet 12, i.e., when a plate 32 of armature 16 is attracted and 
drawn upward by the actuated upper magnet 12. The second one of the pair of springs 28, 
30, here spring 30 a coil spring, is disposed to compress upon activation of the lower 
electromagnet 14, while the upper spring 28, is disposed to expand upon activation of the 

20 lower electromagnet 14, i.e., when the plate 32 of armature 16 is attracted and drawn 
downward by expansion of the upper spring 28. 

A valve 40, here a check valve shown in more detail in FIG. 3 A, is disposed in the 
wall of the fluid-containing chamber 28, here in the lower piston 22, for enabling such 
chamber 28 to receive fluid, here hydraulic fluid of the intemal combustion engine, not 

25 shown, having the valve actuator 10, when volume of such chamber 28 is increased by 
activation of the upper electromagnet 12 to move the first, upper piston 20 in an upward 
direction. The check valve 40 is disposed to inhibit removal of such fluid fi*om the chamber 
28 when volume of such chamber 28 is decreased by a downward motion of the upper piston 
20 upon deactivation of the upper electromagnet 12 and the expansion of the upper spring 28 

30 upon deactivation of the lower electromagnet 14 in a manner to be described below. 

The electronic valve actuator 10 includes a second, outer, fluid-containing chamber 
42 providing a conduit for fluid therein to pass between an outer surface portion 44 of the 
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first, upper piston 20 and an outer surface portion 46 of the second, lower piston 22 as the 
first and second pistons 20, 22 move in response to activation or deactivation of the first and 
second ones of the pair of electromagnets. The fluid in the second chamber 42 passes to the 
inner fluid-containing chamber 18 through the valve 40. The hydraulic fluid, here engine oil, 
enters the outer chamber 42 through a valve 48. 

More particularly, the upper hydraulic piston 20 is attached to the armature 16 and is 
biased with the upper (armature) spring 28 to be urged in a downward position while a lower 
piston 22 is attached to the valve 26 and biased in an upward position by spring 30. 

In operation, and referring now to FIG. 4A, during a startup sequence, the upper 
electromagnet 12 is used to pull the armature 16 upward. This causes the pressure in the 
inner cavity 28 to drop below the level of the supply hydraulic fluid (i.e., motor oil) pressure. 
As a result a check valve 40, mounted on the lower piston 22 (or anywhere between the 
cavities 18, 42), opens allowing the inner cavity 18 to fully fill with fluid. The fluid then 
transfers from the outer cavity 42 to the inner cavity 18, urging upper piston 20 upward and 
thereby allowing the armature 16 to stroke and compress the armature spring 28, as shown in 
FIG. 3B. 

Following this initialization process, the upper electromagnet 12 is de-energized and 
the armature spring 28 pushes the armature 16 and upper piston 20 downward, as shown in 
FIG. 4C. This increases the pressure in the inner cavity 18 and closes the check valve 40. 
The pressure difference across the lower piston 22 causes it to move downward and compress 
the second spring 30. At some time during this process, the lower electromagnet 14 is 
energized to continue compressing the second spring 30 until the lower piston 22 strokes 
begins to close off an outer bypass port 50. The bypass port 50 provides hydraulic fluid 
porting near the end of the transition as will be described in more detail below. Suffice it to 
say here, however, that at this time, the second piston 22 becomes heavily damped by such 
hydraulic fluid passing through bypass port 50 to the outer surface 46 of the lower piston 20 
and the motion reaches a low terminal velocity until the armature 16 and valve 26 reach the 
fiill open position as shown in FIG. 4D. 

It is noted that the distance traveled by the lower piston 22 is a factor K times the 
distance traveled by the upper piston, here K is the amplification gain and is the ratio of the 
surface area of the upper piston 20 to the surface area of the lower piston 22, i.e., K = A1/A2. 
Thus, here, for example, the surface area of the upper piston 20 is twice the surface are of the 
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lower piston 22 (i.e., K=2). Thus, when the upper piston moves downward a distance L/2 the 
valve moves downward a distance L. Thus, the air gap between the armature plate 16 and 
the electromagnet 12 is reduced by a factor of 2 in this example compared with the direct 
acting system of FIG. 1. 

Conversely, the lower electromagnet 14 can be de-energized and the upper 
electromagnet 12 can be energized to reverse the process and close the valve 26. 

During normal operation, proper design of the spring preloads 28, 30, damping 
forces, and peak magnetic forces ensures that the pressure in the inner chamber 1 8 is greater 
than the feed pressure to the outer cavity 42 during dynamic opening and closing transitions 
and when the valve 26 is statically held open. It is noted that the spring 28 has a stiffness 
greater than that of the spring 30 by the amplification gain squared, K^. These, together with 
the design of the sizes of pistons 20, 22 and clearances, ensures that the proper volume of 
fluid is trapped in the inner chamber 18 to provide natural lash adjustment due to any thermal 
growth of the engine valve 26. When the valve 26 is in the closed position, the check valve 
40 and feed hydraulic fluid (e.g., engine motor oil) provide enough flow via check valve 43 
to make up for the small leakage through the annular spaces defined by the upper and lower 
piston 20, 22 clearances. If, for example, the leakage of fluid reduces the inner chamber 18 
pressure to a value below the feed pressure, the check valve 40 opens to fill the inner 
chamber 18 with the correct volume of hydraulic fluid. The feed pressure is regulated based 
on the piston sizes and spring preloads to ensure that the valve 40 is never inadvertently 
opened. 

As an artifact of spring-mass oscillator EVA technology, the peak operating speed 
that can be achieved by an EVA engine is directly related to the resonant frequency of the 
actuator. In an oscillating system, this resonant frequency is determined from the ratio of the 
effective moving mass and the effective spring constant. In a direct acting system 
(transmission lever ratio = 1), the armature and valve can be practically viewed to move 
together as a single mass and the valve and armature springs can be viewed as directly 
additive. This is not the case when a lever is employed between the armature and valve. 

When a lever ratio is introduced to amplify armature displacement, the armature 
stroke to achieve a given valve displacement is reduced, to reduce the effective armature 
mass by the square of the transmission ratio. Working against this effect, the mass (area) of 
the armature itself must be increased, due to the force-dividing lever, to hold the valve in the 
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open and closed positions against the spring force. Thus the armature scaling to generate the 
required holding force works against the effective mass reduction due to the lever ratio such 
that for any armature mass, an optimal transmission ratio exists for minimizing transition 
time. This effect is illustrated in FIG. 5, where for each mass ratio (ratios of armature mass / 
valve mass), and optimal transmission ratio exists to minimize transmission time. Note that 
the lowest transition times are achieved when the mass ratio is increased (bigger armature 
and/or lighter valves) and the when the transmission ratio becomes bigger than one (utilize a 
displacement amplifier). 

While the hydrauUc displacement amplification used by the actuator 10 described 
above in connection with FIGS. 3 and 4A-4D can obviously allow for transmission ratio 
tailoring, the package flexibility of the architecture is also valuable. Because the hydraulic 
means is used to connect the armature 16 with the valve 26, i.e., the fluid-filled inner 
chamber 18, the armature 16 can be located in any orientation with respect to the valve 26. 
This package fi-eedom allows for larger armatures 16 to be utilized than for the direct acting 
systems (FIG. 1). For example, a direct acting system with a valve spacing of 38mm and a 
bore spacing of 92mm could fill only about 83% ((2x38)792x100%) of the available space 
due to the symmetry required about the valve axis. In contrast, an armature with a hydraulic 
displacement amplifier of FIG. 3 could be sized to fill 100% of the bore spacing or tipped on 
end or relocated entirely if a larger armature is desired. 

Referring to the hydraulic lever implementation shown in FIG. 3, hydraulic lash 
control is readily achieved by designing the appropriate clearance between the support body 
60 and the upper and lower pistons 20, 22. In a typical sequence of operation, the lower 
piston 22 strokes upward until the valve 26 is seated. The upper piston 20 then continues 
stroking until its travel is limited by the seating of the armature 16 or by a closing off of the 
hydraulic circuit 51 (FIG. 4B) that communicated fluid to the underside of the lower piston 
22 (hydraulic locking) as shown in FIG. 4B. During this event, a differential pressure would 
develop across the upper piston 20, causing fluid to flow into the inner cavity 18 (lube feed 
oil feed port) through the check valve 40 and leak between the perimeter of the upper piston 
20 and the support body 60 to resolve the volume displaced. Having charged the inner cavity 
18, the actuation source would be able to begin opening the valve 26 with no lash. 

During an opening event, downward force of the upper piston 20 creates a high 
pressure in the piston, i.e., inner cavity 42. This high pressure produces some flow through 
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the check valve 40 before the valve seats and additional flow around the clearance annulus 
between lower piston 22 and support body 60. This results in a lower net stroke of the lower 
piston 22 than for the upper piston 20. Such lost stroke is actually desired to account for 
valve growth due to thermal effects, where the lost lift (leakage) is ideally designed to be 
5 greater than the maximum thermal growth that can occur during a given cycle. 

As a tradeoff during the valve closing event, the lost lift would result in the valve 
landing before the upper piston 20 had finished stroking. With the natural coupling of 
position and velocity for the upper and lower pistons 20, 22, it is advantageous to design the 
leakage to be as small as possible so that the travel of the two pistons 20, 22 is nearly the 
10 same. 

One significant benefit of electromagnetic valve actuators (FIG. 3) that helps in lash 
adjuster design is that the stroke rate is very fast and essentially constant. This is a much 
easier design problem than it is conventional cam valvetrains where the stroke rate is 
proportional to engine speed. In fact, the stroke rate of an EVA system is similar to that of a 
15 cam operating at peak speed. With such rapid and consistent stroke rates, a check-ball type 
system would have a very low and consistent lost lift, since the ball check will seat much 
quicker. 

As an alternative implementation, the extemal check valve 48 could be removed. In 
this implementation, the extemal cavity 42 would communicate directly with the feed 
20 pressure. The internal cavity 18 would continue to regulate the relative motion between 

upper piston 20 and lower piston 22 in a manner similar to operation in the presence of check 
ball 48. 

Taking advantage of the hydraulic architecture of FIG. 3, it is also simple to 
incorporate passive damping into the actuator. As an example, the travel of the pistons 20, 

25 22 is damped at the travel extremes by having the pistons 20, 22 close off a bypass port 50 
(FIGS. 4C and 4D), stopping the communication of hydraulic fluid (here engine motor oil to 
the rest of the fluid circuit 51 through outer chamber 42 between the outer surface 44 of 
upper piston 20 and the outer surface 46 of the lower piston 22. At this point the system 
would be hydraulically locked though a conservation of volume. In a further refinement, the 

30 shape of the bypass port 50 is tailored to provide a desired level of damping as a function of 
piston travel as described in U. S. Patent Apphcation Serial no. 10/064,897 filed 08/27/02, 
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inventors T. Megli et al., the entire subject mater thereof being incorporated herein by 
reference. 

Other implementations could include a ring or step extending from the piston and 
engaging mating cavity on the support (ram damper) or the simple design of mating flat 
surfaces (squeeze fihn). Also, the damping could be achieved using only the armature piston 
by using squeeze film or ram damping features on opposite sides of the armatxire piston. If 
necessary, a check valve could be incorporated into the overtravel portion of the cavity to 
facilitate release. 

This passive, velocity-dependent damping offers significant advantages over active 
EVA control: 

1. Reduces or eliminates the need for high speed, complex position and current 
feedback control of the EVA solenoids: Without passive damping, complex 
feedback control is required to achieve a low valve seating velocity (< 0.1 m/s). 
Such control requires a high-speed (approximately 10-50 kHz control loop 
frequencies) computer and a position sensor for every valve. The required control 
algorithms are highly nonlinear, and will likely require adaptive or iterative 
learning control schemes to compensate for changes in actuator and valve 
characteristics over the life of the engine. 

2. Improves system robustness and repeatability: The damper can be designed to 
remove the kinetic energy of the armature only at the ends of a valve transition to 
minimize the impact on transition time. Such dampers inherently compensate for 
changes in approach velocity due to manufacturing variability, engine wear, 
fluctuations in vehicle supply voltage, and changes in gas flow force disturbances. 

To minimize additional power consumption and eliminate the need for position 
sensors, the landing energy could be contained in a reasonably small envelope by using a 
simple current feedback controller, where current would be used as a secondary indicator of 
position. The damper would be designed to absorb only the residual landing energy and 
contain the uncertainty of the controller. This combination of damper and simple controller 
would prevent the risk of "losing valves" (magnet fails to "catch" valve) or landing them too 
hard (which leads to physical damage), while reducing power consumption relative to a 
system with an open-loop controller / damper. 
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A number of embodiments of the invention have been described. Nevertheless, it will 
be understood that various modifications may be made without departing fi-om the spirit and 
scope of the invention. Accordingly, other embodiments are within the scope of the following 
claims. 
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